Most water supply programmes in Cambodia have focused on providing access to bacteriologically safe water, an approach which has led to an increasing reliance on ground water, especially in rural areas. However, there have been very few data collected on the chemical quality of the nation's drinking water sources, and few water supply programmes have the capacity to assess chemical quality. The study was designed to address this data gap by conducting a low-cost, rapid assessment of drinking water sources nationwide to determine whether there were any chemicals of concern in Cambodian water supply sources. Results of the assessment confirm that there are several parameters of health and aesthetic concern; dissolved arsenic is the most significant. Elevated arsenic levels (some exceeding 500 mg l 21 ) were detected in aquifers of moderate depth in several highly populated areas, confirming that further investigation of the occurrence of arsenic contamination in Cambodia is warranted. Other chemicals of health concern include nitrate, nitrite, fluoride and manganese. Additionally, many ground water sources are negatively impacted by parameters of aesthetic concern, such as iron, manganese, hardness and total dissolved solids. Elevated levels of these parameters have caused consumers to reject newly installed water supplies, often in favour of surface water sources that are bacteriologically unsafe.
rural residents access surface or shallow ground water sources that are bacteriologically contaminated. The government and many of its partner agencies have been implementing programmes to install ground water wells as a means of providing year-round water supplies that are bacteriologically safer than those currently available. The actual number of rural water supply wells in Cambodia is not known, although anecdotal evidence from the Ministry of Rural Development and other agencies suggests that the number of public and private wells has increased rapidly within the past ten years.
Though wells installed by the government and its partners were intended to provide bacteriologically safe drinking water, the chemical quality of the water they provided had not been systematically characterized prior to this assessment, which was completed in January 2001.
The assessment was conducted by the Ministry of Rural Development and the Ministry of Industry, Mines, and Energy, and was supported technically and financially by WHO. The assessment was designed to rapidly determine whether Cambodia faced any chemical water quality problems that were of significant public health concern.
In addition, it was intended to provide a body of data to serve as a baseline for comparison with future water quality studies.
The assessment focused exclusively on chemical water quality. Though significant to human health, microbiological parameters were not included in this study for several reasons: 1) sector professionals in Cambodia were already well aware of the threat of microbiological contamination;
2) many bacteriological tests had already been performed on Cambodian drinking water sources and local capacity for this existed; 3) performing bacteriological tests on the sampled water sources would have greatly increased the time, staff, equipment and budgetary requirements of the project. The scope of the assessment was therefore kept purposefully narrow so as to focus the limited available resources on an issue that had received little prior attention.
The assessment was executed over a 12-month period and provided new information regarding Cambodia's drinking water quality situation, including identifying arsenic as a potentially significant public health issue.
Results of the assessment have led or contributed to a number of follow-up actions by the government, including the promulgation of national drinking water quality standards, further investigation of arsenic occurrence and mitigation techniques, and a reassessment of the technical and policy approaches being used to solve the nation's urgent drinking water supply problems.
METHODS

Study area and sample locations
The study area comprised 13 of Cambodia's 20 provinces and contained approximately 80% of the total population.
The study area did not include the municipality of Phnom Penh, as much of the capital is served by a large water treatment and distribution system. further clarification or confirmation of any findings be needed, which also reduced the size of the main round of sampling.) The limited number of samples meant that the sampling density was relatively thin, but given the fairly uniform geography of much of central Cambodia, it was decided it would be more worthwhile to screen a larger area rather than focusing in more detail on a smaller portion of the country. If the highly populous area of the country had been more geographically and geologically diverse, a greater number of samples would probably have been required to accomplish the same task.
A total of seven or eight samples were collected from each province within the study area. Within each province, one sample was obtained from the public water supply system in the provincial capital, and the balance of samples was collected from rural drinking water sources.
Samples were collected during the dry season, which permitted greater access in rural areas, as well as making it more likely that ground water sources used for drinking on a seasonal basis would be in regular use. A small number of samples were also collected from perennial surface water bodies that served large numbers of rural residents, even during the dry season. The study area and sample locations are shown in Figure 1 .
The originally designed sampling strategy had to be modified during the early phases of the study. The original plan called for the compilation of a database of existing wells in each province and use of this database to guide the sampling effort. Samples would be collected from different areas of ground water exploitation within each province, and to the extent feasible, samples would be collected from wells of varying ages and depths. However, in practice, the available data on supply wells was incomplete and often out of date. Sample locations chosen using the database often proved to be out of service or otherwise unsuitable, or the location data were inadequate to actually locate the desired sampling points.
A modified sampling strategy was then developed in consultation with government project partners. To promote greater involvement in the study at the local level, the sampling team discussed the sampling approach at a meeting held on entry into each new province. Officials from the provincial Department of Rural Development and the Department of Industry, Mines and Energy participated in these discussions, and they were often joined by Health Department officials as well. The goals of the study were explained, and the officials were encouraged to provide input into the selection of sampling areas. The selection process sought to spread the samples geographically throughout the most populous areas of each province; however, local authorities were also encouraged to recommend particular areas for sampling if they were aware (or suspected) that water quality problems existed there.
Given the small number of samples available, the sampling team hoped to make as much use of local knowledge of water quality conditions as possible. The main disadvantage of this sampling strategy is that the samples were not collected in a truly randomized fashion and, as a result, certain significant local conditions might have been overlooked or overemphasized. The chief advantages of the strategy were that it allowed the sampling team to quickly identify the principal areas of ground water exploitation within each province, and it allowed local officials to play a role in targeting areas where drilling or earlier water quality tests had suggested potential water quality problems.
Urban samples generally were collected from a tap at the water treatment plant itself, during a visit that included a brief inspection of the treatment system and interviews with staff and management. Rural samples were collected primarily from drilled boreholes equipped with handoperated pumps. Nearly all of these were community wells installed as part of government or international assistance programmes, and were typically serving from 10 to 20 families each. All water sources sampled for this assessment were in use as drinking water supply sources at the time of sampling.
The follow-up sampling budget enabled confirmation of significant findings that came out of the main round of sampling. Twenty-one follow-up samples were collected for heavy metals analysis following the identification of what appeared to be an area with high concentrations of arsenic.
The follow-up samples included a reconfirmation of two earlier arsenic 'hits', as well as a number of public and private wells in the suspected arsenic hot spot (the prevalence of private family wells in this area meant that a smaller number of community wells were sampled than in the previous round). Table 1 summarizes the water sources sampled during the assessment.
Field methods
Samples were collected in the field from wells, taps or other points used by local residents. Pumps and taps were operated or run for at least five minutes prior to sampling to ensure collection of a representative sample (temperature and electrical conductivity were monitored to verify this).
Each sample's physical properties were measured in the field using portable meters (electrical conductivity, pH, temperature and oxidation-reduction potential) at the time of sampling. Samples were placed in clean containers provided by the analytical laboratory (glass for organics, acid-washed polyethylene for heavy metals and other inorganics) and immediately placed on ice. Nitric acid was used to preserve samples for metals analysis, and cadmium nitrate and sodium hydroxide were used to preserve samples for cyanide analysis.
Sampling trips were planned to last only two to three days to minimize holding times. The chilled samples brought from the field were transferred at the office to lightweight coolers packed with insulating material and gel 'freezer packs' and shipped to the analytical laboratory via international courier, 
Analytical parameters and methods
Samples were analysed for 15 trace metals, two classes of organic pesticides, cyanide and an additional 15 inorganic parameters. A summary of the parameters tested and the laboratory methodology is provided in Table 2 .
The chemical parameters were selected based on their significance to human health or to the aesthetic properties of the water. Organochlorine and organophosphate pesticides were selected for analysis based on available reports, which indicated that many of the commonly used pesticides in Cambodia fell into these categories (Specht 1996) . Blind duplicate analyses indicated that the analytical results generally fell within the laboratory's precision limits. RESULTS A summary of the analytical testing results is provided in Table 3 . Results showed that approximately one-third of the water sources tested exceeded WHO's Guideline Values for parameters of health concern, and nearly 46% exceeded Cambodia's recently promulgated Drinking Water Quality Standards (CDWQS). Most of the exceedences of the CDWQS were related to high manganese and iron levels (note that the CDWQS do not differentiate between parameters of health and aesthetic concern). Apart from iron and manganese (and other parameters of aesthetic concern), most samples contained relatively low levels of total dissolved solids and had acceptably low concen- 
Arsenic in ground water
Arsenic was found in ground water used for both urban and rural water supplies. Arsenic concentrations during the main round of sampling ranged as high as 326 mg l 21 .
Eight samples (8.5% of the total) exceeded the WHO arsenic guideline value of 10 mg l 21 , and three samples (3.2%) exceeded the recently adopted CDWQS for arsenic of 50 mg l 21 . trations in the study area. Figure 2 shows the arsenicaffected sampling locations.
Owing to the potential health significance of elevated levels of arsenic in drinking water, follow-up sampling was conducted in the portion of the study area that appeared to have the highest arsenic concentrations -Kien Svay and
Takhmau districts of Kandal Province. Of the 16 follow-up samples taken from these two districts, 11 (nearly 70%) exceeded 10 mg l 21 , and ten exceeded 50 mg l 21 . Concentrations ranged up to 504 mg l 21 and averaged over 130 mg l 21 , confirming that ground water in this densely populated area lying between the Mekong and Tonle Bassac rivers is highly affected by arsenic. Of the two districts re-sampled, Kien Svay appeared to have the higher concentrations as well as a higher percentage of affected wells (80% exceeded 50 mg l 21 ). Most of the arsenic-affected wells also had high levels of iron and manganese, in addition to low oxidationreduction potential (Eh). This is consistent with the occurrence of arsenic in other parts of Asia (e.g. Bangladesh, Notes: WHO guideline values for parameters of health concern are noted in bold typeface. There were no cases of pH exceeding 8.5; the lowest recorded pH was 4.27. Though reducing conditions and high iron and manganese levels are often found in areas with high arsenic concentrations, statistical correlations between arsenic and these other parameters tend to be of only moderate strength. Data from this assessment indicated that the correlation between arsenic and iron was significant (Kendall's tau (t b ) ¼ 0.37) as was the (negative) correlation between arsenic and Eh (t b ¼ 2 0.42). Though these 
Other parameters of potential health concern
In addition to arsenic, ten other parameters of potential health concern were exceeded in one or more samples throughout the study area:
Manganese
The CDWQS of 500 mg l 21 was exceeded 16 times during the main round of sampling, or in 17% of cases (WHO's health-based GV of 400 mg l 21 was exceeded 21 times).
The highest observed level was 4,080 mg l 21 .
Nitrate and nitrite
Four samples exceeded the CDWQS of 45 mg l 21 for nitrate, and one sample exceeded the WHO guideline value of 3 mg l 21 for nitrite. All four samples were from different provinces. One sample from Siem Reap Province exceeded the recommended limit for nitrate almost by a factor of ten (447 mg l 21 ). Though water from this well also had very high levels of dissolved solids and hardness, residents reported they used it for drinking. (Note that nitrite analyses were conducted in only 8 of 13 provinces studied, and that recommended holding times for all nitrate and nitrate were exceeded; observed levels may be artificially low as a result).
Fluoride
The CDWQS of 1.0 mg l 21 was exceeded at four locations during the assessment; the highest level observed was 2.9 mg l 21 . Elevated fluoride levels were also detected in Cambodia during field tests conducted in the mid-1990s (SAWA 1998) . At that time, levels between 1 and 3 mg l 21
were found in 18% of wells tested in five central and southeastern provinces (Kampong Cham, Kampong
Chhnang, Kampong Speu, Takeo and Svay Rieng provinces).
Barium
There were no exceedences of the CDWQS of 1,000 mg l 21 for barium during the main round of sampling; however, two of the follow-up samples in Kandal Province exceeded this limit. The affected sources were both private household wells; the highest barium concentration observed
(1,820 mg l 21 ) was from the location where the highest arsenic concentration was observed. A public water supply well in Kandal's provincial capital had a barium concentration of 776 mg l 21 , which is in excess of the WHO guideline value of 700 mg l 21 .
Cyanide
The CDWQS of 0.02 mg l 21 was slightly exceeded in two samples (0.03 mg l 21 ), while the limit of quantitation was 0.01 mg l 21 (the WHO guideline value for cyanide is 0.07 mg l 21 ). All other samples were below the detection limit. (As mentioned previously, because of the reactivity of cyanide, some losses may have occurred during storage of the samples.)
Lead
The WHO GV of 10 mg l 21 for lead was exceeded in one urban water sample from Prey Veng Province (16.2 mg l 21 ).
This sample also had a high concentration of zinc, suggesting that pump or pipe corrosion may in part be responsible.
Other parameters
Elevated levels of selenium, molybdenum and chromium were also observed in a limited number of cases. A single sample from Batdambang Province (237 mg l 21 ) exceeded the CDWQS chromium limit of 50 mg l 21 . Two samples (from Takeo and Kandal provinces) exceeded the CDWQS selenium limit of 10 mg l 21 . A single sample slightly exceeded the WHO GV of 70 mg l 21 for molybdenum (no CDWQS exists).
Parameters of aesthetic concern
The most common dissolved minerals affecting the aesthetic properties of ground water were iron, manganese, sodium chloride and hardness (calcium and magnesium). Of these, iron and manganese were the most common, and were often at levels far above the recommended aesthetic limit.
Iron ranged as high as 14 mg l 21 , and nearly one-third of all samples exceeded the CDWQS of 1.0 mg l 21 (the WHO recommended aesthetic limit is 0.3 mg l 21 , which was exceeded in over 60% of the samples). Manganese exceeded the WHO recommended aesthetic limit of 0.1 mg l 21 in 43% of the samples.
Chloride levels exceeded the CDWQS of 300 mg l 21 in only three cases (WHO's recommended limit of 250 mg l 21 was exceeded five times).
Hardness levels were 'high' at 16 locations according to the CDWQS (in excess of 300 mg l 21 ). High hardness levels were cited as leading to scale deposits in cooking pots, and also appeared to be related to complaints of bitter-tasting water.
DISCUSSION Arsenic
The key finding of the assessment was the confirmation of Nationally, about 15% of the wells tested to date exceed the CDWQS of 50 mg l 21 ; however, it should be noted that field testing for arsenic has been targeted mainly within suspected moderate to high risk areas. Therefore, the figure of 15% may overestimate the situation nationally. In the high-risk areas in Kandal Province (located in the lower central portion of Figure 3) , 46% of the wells tested have exceeded the 50 mg l 21 limit (Fredericks 2004) . Arsenic mitigation efforts are in the pilot stage and will require additional time to be refined and scaled up. Fortunately, alternative water sources in arsenic-affected areas are often readily available, including surface water and rainwater. Observations made during the assessment indicated that consumers in many arsenic-affected areas preferred using rain and/or surface water for drinking, owing to the presence of high concentrations of iron, manganese or other elements in the ground water.
However, attitudes concerning palatability may change over time if consumers continue to use ground water regularly and become more accustomed its taste. Further, the high levels of microbiological contamination common in surface waters, and the prolonged dry season in Cambodia mean that the cost and technical practicability of using surface and/or rainwater as alternative drinking water sources must be carefully evaluated to ensure that they are capable of providing an adequate quantity and quality of drinking water year-round.
Other potential health concerns
Elevated concentrations of other parameters of public health concern warrant further attention and study in Cambodia. Based on the results of this assessment, the parameters most likely to be of greatest concern include nitrate and nitrite, fluoride, manganese and barium.
Elevated nitrate and nitrite were identified in a small number of samples and there was no apparent pattern in their occurrence. Nitrates and nitrites have known human health impacts, primarily in infants (who are typically exposed through baby formula made with the affected water source). Breastfed infants do not appear to be at risk.
Nitrate and nitrite affect haemoglobin in the blood and reduce the baby's ability to transport oxygen; infants so affected are said to have 'blue baby syndrome'. There is also a suspected link between exposure to nitrates and nitrites Manganese should be considered of moderate importance for future water quality surveillance and mitigation efforts. with the aesthetic properties of water is often ignored or underestimated by agencies involved in rural water supply projects, which tend to focus exclusively on improving the microbiological quality of water sources.
Observations made during the assessment indicate that a significant number of wells in rural Cambodia are no longer used for drinking water purposes (or are completely nonfunctional because of pump breakdowns). Some of these wells were less than 2 years old at the time the assessment was conducted. Local residents indicated that the main reason the wells were not in use or were in disrepair was that the aesthetic properties of the water had been unacceptable to the community. These concerns were typically related to high iron (or manganese) levels, and in some cases elevated hardness. Sodium chloride levels were elevated in a very small number of samples and did not appear to be a widespread concern.
Residents in rural areas using well water containing high iron levels often allow the water to aerate and settle for up to several days before drinking it in order to improve the water's taste. Though moderately effective, this household treatment approach can increase opportunities for bacterial contamination if not done in a clean, limited-access vessel. Some wells were observed to have simple iron reduction filters attached. If properly maintained, such filters can significantly reduce iron (and manganese) concentrations and improve taste, although ensuring that regular cleaning, replacement of filter media and sterilization processes are undertaken can prove problematic at community-owned wells. Use of iron reduction filters can also lower elevated arsenic levels through the co-precipitation of arsenic with the iron, though this approach does not reliably reduce arsenic concentrations to levels in compliance with drinking water standards (Ahmed 2001) . Importantly, where other sources of water were available, residents in these areas tended to use well water for drinking only when absolutely necessary (such as during the extended dry season).
Apart from the usual considerations with elevated levels of hardness (such as scaling and taste), some rural consumers expressed concern with what they considered to be a link between high water hardness and the risk of kidney stones in their families or communities. However, these concerns were not always aired at locations where the hardness levels actually were elevated, suggesting that these concerns stemmed from other factors or beliefs. Concerns with the link between water hardness and kidney stones have been raised in many parts of the world, but such linkage is considered unlikely (Schwartz et al. 2002) .
As insufficient hydration is often a contributing factor in the formation of kidney stones, a high fluid intake (regardless of water hardness) is generally recommended as a preventive measure (Jaeger et al. 1984) .
Concerns with the aesthetic properties of drinking water in urban areas were expressed by a number of those interviewed during the assessment. According to several water treatment plant operators, consumers had objected to the taste and odour imparted by water treatment processes.
Three of the 16 urban water systems visited during the assessment had discontinued the use of chlorine dosing equipment, in part due to consumer complaints (other reasons included equipment breakdowns and a lack of supplies). At the time of the study, five of the seven urban systems using ground water wells as sources were delivering the water untreated into the distribution system.
Rapid screening methodology
The Cambodia Drinking Water Quality Assessment was conducted over a period of 12 months for approximately US$75,000. The fieldwork was carried out by two central government technical staff working with a full-time technical adviser (whose salary is included in this budget figure) . The small amount of resources needed to conduct this assessment makes it a potentially viable approach for agencies working in other developing countries. By using a low sample density and rapid screening approach, Cambodia's leading government water supply agencies were able to identify key chemical parameters of health and aesthetic concern. Early identification of these parameters, and of arsenic in particular, is having a significant and beneficial impact on the development of drinking water supplies in the country. Water quality testing conducted subsequent to this assessment (particularly arsenic testing) has confirmed that the major findings of this assessment were relevant and sufficiently accurate to provide the basis for further action. Results of the assessment have also helped as an incentive and guide for the development of national drinking water quality standards, as well as for other institutional responses such as the creation of an interagency government committee to address the arsenic problem.
CONCLUSIONS
This assessment demonstrated that, within the study area, Cambodia's drinking water sources have reasonably good chemical quality, with key exceptions related to the occurrence of natural arsenic contamination as well as a few other parameters of health significance. While bacteriological contamination of drinking water remains the primary water quality concern in Cambodia from a health perspective, these newly identified chemical water quality concerns are significant and should be addressed.
Arsenic contamination is a public health concern that deserves further attention and immediate action. Characterization and mitigation of the arsenic problem at an early stage of Cambodia's water resource development efforts can help prevent widespread, long-term exposure. Action must there-fore be taken before a significant portion of the population in 'high-risk' areas becomes reliant on ground water and therefore vulnerable to arsenic's long-term toxicological effects.
Based on data gathered during and subsequent to this assessment, the highest risk of arsenic occurrence appears to be near major drainages and/or in areas where the surficial geology is dominated by Holocene age sediments.
Areas of Pleistocene surficial geology appear to be at moderate risk. These areas should be considered of highest priority for further investigation and mitigation efforts.
Chemicals of health significance other than arsenic (including barium, fluoride, lead, manganese, nitrate and nitrite) should receive further attention and study. Nitrate, nitrite, fluoride and manganese are likely to be the most significant of these and should receive high priority in any future chemical water quality surveillance programmes.
The aesthetic properties of water supplies should also be carefully investigated before developing or bringing new water sources on line, particularly for ground water sources.
Water supply investigations should be concerned with aesthetic water quality parameters (e.g. chloride, hardness, iron and manganese) in addition to microbiological quality, as consumer acceptance can play a critical role in the longterm sustainability of water supply projects. Given the potentially large investment needed to develop ground water supplies in many parts of Cambodia, it would seem prudent to investigate both the aesthetic as well as the health-related quality of water sources before recommending that communities begin using them.
The recent promulgation of national drinking water quality standards in Cambodia is an encouraging development and their enforcement should be considered a high priority. A national water quality surveillance programme will be needed, along with the institutional capacity building necessary to enable such a programme to be successful. Along these lines, analytical laboratories in Cambodia are still relatively few in number, and as yet there are no facilities capable of carrying out reliable analyses of trace metals and several other key parameters.
Establishment of an independent laboratory facility capable of carrying out a broad spectrum of water quality analyses would greatly enhance Cambodia's ability to transform its water quality regulations into useful tools for protecting public health and the integrity of the aquatic environment.
Finally, the water quality of geographic areas not included in this assessment should be investigated (screening for arsenic has already been done in some of these areas).
Investigations of the water quality, and the connection between water quality and geology, would be of substantial benefit to water resources programme planners and implementing agencies. The cost of future water quality studies could be kept to a minimum by focusing primarily on those chemical constituents that were found to be of greatest concern during this assessment and other subsequent studies.
